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A B S T R A C T
Nitrogen deprivation increases the triacylglycerol (TAG) content in microalgae but also severely decreases the
growth rate. Most approaches that attempted to increase TAG productivity by overexpression or knockdown of
specific genes related to the regulation of the lipid synthesis have reported only little success. More insight into
the molecular mechanisms related to lipid accumulation and impaired growth rate is needed to find targets for
improving TAG productivity. By using the emerging “omics” approach, we comprehensively profiled the phy-
siology, transcriptome, proteome and metabolome of the diatom Phaeodactylum tricornutum during steady state
growth at both nitrogen limited and replete levels during light:dark cycles. Under nitrogen limited conditions,
22% (2699) of the total identified transcripts, 17% (543) of the proteins and 44% (345) of the metabolites were
significantly differentially regulated compared to nitrogen replete growth conditions. Although nitrogen lim-
itation was responsible for the majority of significant differential transcript, protein and metabolite accumula-
tion, we also observed differential expression over a diurnal cycle. Nitrogen limitation mainly induced an up-
regulation of nitrogen fixation, central carbon metabolism and TCA cycle, while photosynthetic and ribosomal
protein synthesis are mainly downregulated. Regulation of the lipid metabolism and the expression of predicted
proteins involved in lipid processes suggest that lipid rearrangements may substantially contribute to TAG
distribution. However, TAG synthesis is also limited by the reduced carbon flux through central metabolism.
Future strain improvements should therefore focus on understanding and improving the carbon flux through
central carbon metabolism, selectivity and activity of DGAT isoforms and lipase enzymes.
1. Introduction
Microalgae are regarded as a promising production platform for
specialty fatty acids and the bulk production of triacylglycerol (TAG)
for the biofuel industry [1–5]. Currently, microalgae are already com-
mercially applied for the heterotrophic production of fatty acids for the
food- and feed industry [6,7]. However, microalgae are also able to
grow phototrophically, directly converting sunlight into chemical en-
ergy by the fixation of CO2 into biomass and useful products like TAG.
TAG accumulation occurs when microalgae are exposed to suboptimal
growth conditions (e.g., nitrogen deprivation). Microalgae can accu-
mulate lipids up to 60% of dry weight at the expense of growth [8,9].
The decreased photosynthetic efficiency under suboptimal growth
condition is one of the key limitations in commercializing
photosynthetic algal bulk lipid production [10].
A lot of research has been published on the effect of nitrogen (N)
deprivation on lipid accumulation in different microalgal strains
[8,11,12]. However, the exact mechanism for the induction of TAG
synthesis and the loss of photosynthetic efficiency under N deprivation
is not elucidated yet. Moreover the influence of light:dark (LD) cycles,
which are present at (large scale) outdoor production, are not known.
The increasing availability of sequenced genomes and molecular tech-
niques allowed more studies to focus on the molecular mechanisms
behind the regulation of TAG accumulation in microalgae. Rational
(metabolic) engineering strategies to improve TAG production, how-
ever, are still ambiguous due to lacking understanding of microalgal
lipid metabolism [13–16]. With the rapid development of ‘omics’
technologies (e.g., transcriptomics, proteomics, metabolomics), new
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possibilities arise, allowing a more comprehensive description of mi-
croalgal metabolism and its regulation.
While the effect of N deficiency on microalgal metabolism has been
predominantly studied at the transcriptomic level, the effects on protein
and metabolite levels are often neglected [17–22]. Some regulated
changes on the transcriptome expression level may not lead to com-
parable changes in the protein or metabolite level [23,24]. An ‘in-
tegrated’ omics approach may provide a complete picture and novel
insights on the orchestration of the stress response in a cell. To our
knowledge, only few microalgal studies exploited the combination of
transcriptome, proteome and/or metabolome data [25–27]. For ex-
ample, Schmollinger et al. (2014) identified a target to increase the
nitrogen-use efficiency in the nitrogen-starved Chlamydomonas re-
inhardtii [27].
Most of the microalgal ‘omics’ studies, focussing on improving lipid
productivity, have focussed on N starved batch cultures [20,25,26,28].
Such processes allow studying molecular mechanism over time and thus
giving insight in the order of regulatory events related to lipid induc-
tion. However, the main disadvantage of a batch system is the con-
tinuous change in the culturing conditions (e.g., light per cell, pro-
gressive cell death under N starvation) that can influence the
measurements and the gene expression levels, which may not be di-
rectly correlated with N starvation treatment. Synchronized continuous
cultures can be used to study single parameter variations, such as the
impact of LD cycles, N deficiency or iron deficiency [28–30].
The aim of this study is to obtain a comprehensive insight into the
metabolism of TAG production induced by N limitation at the tran-
scriptome, proteome and metabolome level under LD cycles. N limita-
tion was induced in continuous, turbidostat controlled, photo-
bioreactors that allow highly reproducible culture conditions with
simultaneous growth and TAG production in the marine diatom
Phaeodactylum tricornutum. Cultures were acclimated to a 16:8 h LD
cycle and samples were taken during both the light and right after the
dark period for the analysis of biomass, transcriptome, proteome and
metabolome. P. tricornutum is considered as a model fusiform diatom
for the study of physiology, evolution and biochemistry [31]. P. tri-
cornutum is also able to accumulate significant amount of lipids (up to
23% w/w during nutrient stress conditions) and it has therefore been
proposed as a commercially exploitable source of oil and poly-
unsaturated fatty acids (such as ω-3 eicosapentaenoic acid, EPA) for
nutraceuticals and feed applications [32]. Moreover, the availability of
the whole genome sequence and molecular toolboxes and the stable
transgene expression reported are making this diatom an attractive
system for genetic engineering [15,33–41]. This microalgal strain
therefore serves as a solid and interesting system to better understand
the cellular responses related to N deprivation and the trade-off be-
tween growth and lipid accumulation.
2. Material and methods
2.1. Strain, medium and precultivation
Phaeodactylum tricornutum SAG1090-1b was obtained from the
Culture Collection of Algae Göttingen University (Sammlung von
Algenkulturen, Göttingen, Germany). Liquid cultures were maintained
in a controlled incubator (25 °C, 30–40 μmolm−2 s−1, 16:8 h light:dark
(LD) cycle, 100 rpm, enriched air with 2% CO2) in 250ml Erlenmeyer
flasks containing 100ml of filter sterilized (pore size 0.2 μm) defined
medium. The medium was designed to reach a biomass concentration of
2.5 g L−1 and consisted of 252mM NaCl, 16.8 mM KNO3, 3.5mM
Na2SO4, 100mM, 2‑[4‑(2‑hydroxyethyl)piperazin‑1‑yl]ethanesulfonic
acid (HEPES), 5 mM MgSO4 7H2O, 2.4mM CaCl2 2H2O, 2.5mM
K2HPO4, 10mM NaHCO3, 28 μM NaFeEDTA, 80 μM Na2EDTA 2H2O,
19 μM MnCl2 4H2O, 4 μM ZnSO4 7H2O, 1.2 μM CoCl2 6H2O, 1.3 μM
CuSO4 5H2O, 0.1 μM Na2MoO4 2H2O, 0.1 μM Biotin, 3.7 μM vitamin B1
and 0.1 μM vitamin B12. The pH was adjusted with KOH to pH 7.2.
Prior to the start of the experiments, cultures were transferred to an
incubator with a light intensity of 180 μmolm−2 s−1, a 16:8 h LD cycle
and a headspace enriched with 2.5% CO2 to reach the desired in-
oculation cell density.
2.2. Photobioreactor setup and experimental conditions
P. tricornutum was cultivated aseptically in a flatpanel airlift-loop
reactor with a working volume of 1.7 L and a light path of 0.02m
(Labfors 5 Lux, Infors HT, Switserland). A similar reactor setup was
described previously by Remmers et al. [42]. Cultures were con-
tinuously purged with 1.7 Lmin−1 air enriched with 1% CO2. The
temperature was controlled at 20 °C and the pH was maintained at 7.2
using 5% H2SO4. 1–2 drops of 1%w/w antifoam (Antifoam B, Baker, the
Netherlands) were added once per day. Light was provided by 260 LED
lamps with a warm white spectrum (450–620 nm) at the culture side of
the reactor. As the culture was exposed to 16:8 h light dark (LD) cycles,
a black cover was placed on the rear of the reactor to prevent external
light falling on the culture. After inoculation, the light intensity falling
through the back side of the culture was continuously measured by a
light meter (LI-250, Licor, USA). The reactor was inoculated at 0.5 g dry
weight L−1 at an incident light intensity of 50 μmol m2 s−1 and along
with cellular growth the incident light intensity was stepwise increased
until it reached the final set point of 260 μmol m2 s−1. Hereafter, con-
tinuous turbidostat control was initiated. The culture was diluted with
fresh medium (containing no nitrogen) when the outgoing light in-
tensity dropped below 10 μmolm2 s−1. Control was only active during
the light period. Because the light meter has stable sensitivity for all
wavelengths in the visible light range, overall light absorption by the
culture remained at the fixed setting regardless of any change in
spectral absorption due to alteration of pigmentation and/or size of
antenna. The culture was exposed to two feeding regimes using a se-
parate nitrogen (N) feed (Fig. 1A): N replete growth (control experi-
ment, nitrogen supply rate of 0.11 gN day−1) and N limited growth
(0.02 gN day−1). Under N replete conditions more nitrogen was added
than consumed by the algae, resulting in an excess of nitrogen in the
culture supernatant. The medium composition was kept equal to that of
the preculture except for HEPES (0mM) and KNO3. The dilution
medium contained no KNO3 while the separate nitrogen feed medium
contained either 37.5mM (control experiment) or 21.3 mM (N limita-
tion) KNO3.
2.3. Reproducibility and sampling
Reproducibility of each experimental condition (e.g., control and N
limited experiment) was verified by running 4 independent replicates.
Each experiment was sampled daily at a fixed time point to monitor
growth. Steady state was defined as a constant dilution rate and stable
biomass concentration, averaged over 24 h periods, for at least 6 con-
secutive days. During steady state, 24 h overflow was collected on ice
and used to determine the dilution rate and average growth rate per
day.
Samples of the overflow were taken to determine biomass con-
centration (Cx,OF), absorption coefficient, and the macromolecular
biomass composition (TAG, carbohydrates, protein, ash), as described
by Remmers et al. [42]. Productivity (ri) and yield (Yi,ph) on light of
biomass and TAG were calculated from the 24 h averaged dilution rate
(D24), concentration of biomass or TAG in the 24 h collected overflow
(Ci,OF) and the photon supply rate (rph):
=r D ·Ci 24 i,OF (1)
=Y r
ri,ph
i
ph (2)
The photosynthetic conversion efficiency (in % of the absorbed
photons) was calculated using Eq. 3. Biomass was divided in functional
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biomass, TAG and storage carbohydrates. The theoretical yields of TAG
(1.33 g TAGmol−1 photon), storage carbohydrates (3.24 g storage car-
bohydrates mol−1 photon) and functional biomass (1.63 g biomass
mol−1 photon) on photons were derived using a simplified metabolic
flux model [43–45].
=
+ +
∙photosynthetic conversion efficieny (%)
r
100
rTAG
1.33
rcarbohydrates
3.24
rfuctional biomass
1.63
ph
(3)
To study diurnal fluctuations, each culture was also sampled di-
rectly from the culture broth during a 24 h cycle with 5–6 h intervals
(Fig. 1B). These samples were analysed for biomass composition (e.g.,
TAG, membrane lipids, protein, total carbohydrates, ash) [42] and for
transcriptome, proteome and metabolome analysis. Biomass for tran-
scriptome, proteome and metabolome analysis was immediately cen-
trifuged (4200 rpm, 1min, 0 °C, supernatant discarded), flash frozen in
liquid nitrogen and kept at −80 °C until analysis. Pellets for metabo-
lomics analysis were freeze-dried prior to metabolite extraction.
2.4. Transcriptomics
2.4.1. RNA isolation and sequencing
Pelleted algae cultures were homogenised in liquid nitrogen by
grinding. The ruptured cells were incubated in 400 μl TriPure (Roche)
for 30min on a rotor at RT. Subsequently, total RNA was isolated using
Direct-Zol RNA Miniprep kit (Zymo Research) according to the manu-
facturer's instructions. Finally the RNA was eluted from the column in 2
steps with 50 μl DNAse/RNase-free water. To check the RNA quality,
approximately 10 μl was loaded on 1.5% agarose gel. Yield and purity
were subsequently analysed by determining OD260/230 ratio using
Nanodrop (Thermo Scientific). The polyA-RNA was recovered using an
oligo-dT beads capture (Tru-Seq, Illumina). The RNA was converted
into cDNA from which paired end sequence libraries were constructed
that were subsequently sequenced with Illumina HiSeq 2500 sequence
technology according to protocols provided by Illumina.
2.4.2. RNA transcriptome, differential expression and gene annotation
The re-annotated reference genome for P. tricornutum JGI genebuild
(Ensembl build 29, 2015) was retrieved from EnsemblProtist (http://
protists.ensembl.org/Phaeodactylum_tricornutum/Info/Index). To de-
termine RNA expression levels of nitrogen replete (N+) and nitrogen
limited samples (N-), RNA-seq data were mapped against the annotated
reference genome with CLC Genomics Server 7.5.1 software (http://
CLCbio.com) using the following parameter settings; Mapping
type=Map to gene regions only (fast mode), Mismatch cost= 2,
Insertion cost= 3, Deletion cost= 3, Length fraction=0.9, Similarity
fraction= 0.8, Global alignment=No, Auto-detect paired
distances= Yes, Strand specific=Both, Maximum number of hits for a
read=10, Count paired reads as two=No, Expression value=RPKM,
Calculate RPKM for genes without transcripts=No, Create
report=Yes, and Create fusion gene table=No, Create list of un-
mapped reads=Yes.
Subsequently, a multigroup experiment for sample sets was de-
signed and compared for N replete (N+; control) versus N limitation
(N−) at t=0, and N+ versus N− at t=10 using CLC Genomics
Workbench 9.5.3 software. Original expression data was normalised
using Quantile normalization. Subsequently, the normalized expression
values were corrected for multiple testing using false discovery rate
(FDR) correction. The following additional parameter settings were
used for differential gene expression analysis in CLC; Total count filter
cutoff=5.0, Estimate tagwise dispersions=Yes.
Gene ontology annotation were retrieved with the ensembl REST
api http://rest.ensemblgenomes.org. Additional annotation was based
on protein sequences by extracting coding sequences from the anno-
tated reference genome from P. tricornutum in CLC. Briefly, 11,522 CDS
sequences with an ATG start codon from a total of 12,178 extracted
elements were translated into proteins using a standard translation
table. Next, predictive information on proteins was retrieved using
InterProScan 5.16–55.0 screening against ProDom, HAMAP, Panther,
SMART, SuperFamily, PRINTS, PIRSF, Pfam, Gene3d, Coils, TIGRFAM,
and PrositePatterns databases. Subsequently, KEGG identifiers and ad-
ditional gene ontology annotations were retrieved from Interproscan
XML output.
2.5. Proteomics
2.5.1. Protein extraction and analysis
Pelleted diatom cultures were lysed by addition of 1ml of chlor-
oform:methanol (1:2 v/v) and homogenised by vigorous shaking in
FastPrep (2×20 s, position 5). After centrifugation (16,000 g, 10 min
at RT) the supernatant was removed. This homogenisation and ex-
traction was repeated 2 more times. Pellet material was dried in a va-
cuum centrifuge (SpeedVac) and was subsequently resuspended in
0.5 ml of 8M urea, 5 mM DTT in 0.1M ammonium bicarbonate pH 7
(ABC) with vigorous shaking in FastPrep (2 times 20 s, position 5) and
9 h rotating incubation at 37 °C. Iodoacetamide was added (15 μl of a
0.5 M stock) for alkylation of free sulfhydryl groups (cysteine and
quenching of DTT, overnight incubation). After centrifugation
(16,000 g, 10min at RT) the supernatant was transferred to a fresh
Eppendorf tube. The pellet was re-extracted twice with 0.5ml 0.1M
ABC. The supernatants were pooled with the first (urea) extract. Protein
Fig. 1. Experimental setup (A) and sampling scheme (B). 8 independent cultures were exposed to either nitrogen limited (N=4) or nitrogen replete (control; N=4)
continuous growth conditions. When the culture reached steady state, samples were taken at 5–6 h intervals for biomass composition (B), proteome (P), metabolome
(M) and transcriptome (T) analysis. Light was always supplied in a 16 h:8 h LD cycle with the lamps either switched on at a fixed intensity of 260 μmolm2 s−1 or
switched off (dark period; shaded areas).
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content was determined by Qubit Fluorometer protein assay
(ThermoFisher scientific, product Q33211). An aliquot equivalent to
50 μg of protein was taken and diluted again with equal volume of
0.1 M ABC before 0.5 μg trypsin (Promega Proteomics grade) was
added. Digestion was incubated overnight at 37 °C and stopped by
adding 3 μl 10% trifluoro-acetic acid. Peptides were purified by solid-
phase extraction (SPE) in Waters OASIS HLB micro-elution plates.
Eluted peptides were dried by SpeedVac centrifugation and dissolved in
2% acetonitrile, 20mM ammonium formate pH 10. Approximately 1 μg
aliquot was injected on a 2D-nanoAcquity LC system with 2 step pep-
tide capture and elution in four subsequent fractions. In short, peptides
were first loaded onto an XBridge Peptide BEH C18 NanoEase column
and subsequently eluted with steps of 15%, 19%, 25% and 65% acet-
onitrile in 20mM ammonium formate pH 10, on-line diluted 10 fold
with 2% acetonitrile in 0.1% formic acid (pH 2), and peptides were
trapped on a second trap column nanoACQUITY HSS T3 (1.8 μm par-
ticles; 2 cm×100 μm). Subsequently, per fraction an elution gradient
was performed over analytical nanoACQUITY HSS T3 column (1.8 μm
particles; 15 cm×75 μm) using a 120min gradient with separation
between 5% to 40% acetonitrile in 100min followed by a steep gradient
to 80% for washing and return to 2% acetonitrile, all at a flow rate of
300 μl/min. Eluting peptides were on-line injected to a Q-Exactive Plus
FTMS instrument (ThermoFisher Scientific). The Q-Exactive was oper-
ated in Data Dependent Analysis (DDA) positive ESI mode for auto-
mated MS/MS acquisition. Settings were: MS1: resolution=70 k, AGC
target= 3e6, MaxIT=50mS and scan range 400–1500m/z.; MS2: re-
solution=35 k, AGC target= 1e5, MaxIT= 110mS, loop count= 8,
ion isolation width 1.6m/z no offset, NCE=28, centroid mode and
automatic scan range from 140m/z upwards. Charge exclusion was set
to include only 2, 3 and 4+ charged ions, preferred peptide match,
excluded isotopes and dynamic exclusion during 30 s.
LC-MS/MS raw data files were processed using MaxQuant (version
1.5.3.) using carbamidomethylation of cysteine as fixed and oxidized
methionine as variable modifications. Searches were performed with
the proteome equivalent of P. tricornutum JGI genebuild (Phatr3
Ensembl build 29, 2015) retrieved from EnsemblProtist (http://protists.
ensembl.org/Phaeodactylum_tricornutum/Info/Index). During proces-
sing, the data were re-calibrated, aligned, matched between runs and
normalised using the LFQ quantitation algorithm [46,47]. The resulting
ProteinTable (Supplemental digital material: Appendix B) was loaded,
filtered and visualised using Perseus software [48].
2.6. Metabolomics
2.6.1. Metabolite extraction
Lipid-soluble, apolar compounds were extracted by mixing 25mg
freeze-dried algae with 4.6 ml of methanol/chloroform (1:1 v/v) con-
taining 0.1% (w/v) butylhydroxytoluene as antioxidant and 10 μM of
1,2‑didecanoyl‑sn‑glycero‑3‑phosphocholine as internal standard in a
10ml glass tube. The mixture was sonicated for 15min, crushed with a
glass rod and again sonicated for 15min. After centrifugation, 400 μl of
the supernatant was transferred to an Eppendorf tube, dried in a speed-
vac and dissolved in 1ml of ethanol, after which the sample was so-
nicated for 5min and centrifuged once more before transferring to an
HPLC glass vial for LCMS analysis of the extracted apolar compounds.
Polar compounds were extracted using a protocol similarly as de-
scribed by Carreno-Quintero et al. [49]. In brief, 15mg of freeze-dried
algae were mixed 210 μl of 80% methanol, containing ribitol
(32 ng μl−1) as an internal standard, in an Eppendorf tube. Samples
were vortexed, sonicated for 15min and centrifuged, after which 125 μl
was transferred into a new Eppendorf tube containing 188 μl ice-cold
H2O and 94 μl ice-cold chloroform. After vortexing, sonication and
centrifugation, 50 μl of the upper polar phase was taken and dried in a
speed-vac before derivatization and injection into the by GCMS.
2.6.2. Untargeted metabolite profiling
Apolar compounds present in the crude methanol/chloroform ex-
tracts were detected by high resolution LCMS using an Acquity UPLC
(Waters) connected to an LTQ-Orbitrap XL hybrid mass spectrometer
(Thermo). A Waters Acquity HSS T3 column (1.8 μm particles;
2.1× 150mm) at 55 °C was used to separate compounds. A solvent
gradient of 20% acetonitrile in water containing 10mM ammoniuma-
cetate and 0.1% formic acid (eluent A) and 10% acetonitrile in iso-
propanol containing 10mM ammoniumacetate and 0.1% formic acid
(eluent B) was used, starting with an increase from 35 to 70% B in
3min, then from 70 to 85% B in 6min and from 85 to 90% B in 13min,
followed by a washing step at 90% B for another 5min; the flow rate
was 200 μl/min. Masses were recorded at a resolution of 60,000 FWHM
in positive electrospray ionization mode and in the m/z range of
112–1400. Mass calibration and other settings of the LTQ-Orbitrap
were as described by [50].
Polar compounds were analysed by GCMS after automated TMS-
derivatization of the dried polar extract, as described by Carreno-
Quintero et al. [49]. A series of alkanes (C10–C32) was automatically
added to each sample to calculate retention indices of all eluting
compounds using a third order polynomial function.
2.6.3. Metabolomics data processing
Raw mass spectrometry data from both LCMS and GCMS analyses
were processed in an essentially untargeted manner using an in-house
developed dedicated workflow, which consists of applying MetAlign
software [51] for noise estimation, peak picking and alignment, se-
lecting for reproducible signals, i.e. being present in at least 3 samples
with an intensity of at least 15 times the local noise, and MSClust
software [52] to cluster all mass signals originating from the same
metabolite, including fragments, adducts and isotopes. The resulting
metabolite tables, containing the relative signal intensity of each
compound detected in each sample analysed, was corrected for varia-
tion in the internal standards and used for statistical analyses after log2
transformation of metabolite intensities (Supplemental digital material:
Appendix C). Annotation of selected apolar compounds from the LCMS
analysis was performed by manually checking and matching the ob-
served accurate mass of the putative molecular ions with available
metabolite databases, including those provided by LipidMaps (http://
www.lipidmaps.org) and the Human Metabolite Database (http://
www.hmdb.ca), within a mass deviation of 3 ppm. Selected polar me-
tabolites from the GCMS analysis were tentatively identified by com-
paring their mass spectra and/or retention index with those of authentic
reference standards and of commercial and in-house electron-impact
mass spectral libraries (NIST14, GolmDB). “Unknown” annotation was
assigned when the mass spectra did not match reasonably with any used
database. Assignation of NA (not annotated) was given for those me-
tabolites not manually annotated, therefore automated match was not
reported.
2.7. Statistical analysis of omics
Principal Component Analyses (PCA) of omics datasets were per-
formed using SIMCA-P version 14.0 (MKS solutions, Umea, Sweden).
Protein and transcriptome data were merged based on the gene iden-
tifiers from Phatr3 Ensembl and analysed in Perseus software [48].
Genes, proteins and metabolites that met the criterion of an FDR cor-
rected p-value< 0.05 were considered to be significantly differentially
regulated in N limited conditions in either the light or dark period.
Differential expressed genes and proteins were mapped to KEGG
pathways using a tool to map multiple KEGG identifiers to the pathway
(MapOmics, access to the test version can be obtained from linda.
bakker@wur.nl). Pathway p-values were calculated according to Eq. 4
where K equals the unique features known in this pathway, k for the
searched features uniquely mapped on this pathway, N as the unique
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features known in all pathways and n for the searched features uniquely
mapped on all pathways.
= = =
−
−( )( )
( )P(X k) f(k, N, K, n)
K
k
N K
n k
N
n (4)
3. Results
3.1. Physiological response of Phaeodactylum tricornutum to nitrogen
limitation
Nitrogen limitation was induced in continuous, turbidostat con-
trolled reactors with a separate continuous nitrogen supply [42]. Tur-
bidostat control ensures a fixed light absorption over the culture
throughout the entire experiment, because the in- and out-coming light
intensity are kept constant during the light period through automated
dilution of the culture. The control culture was exposed to an excess of
nitrogen, meaning that growth in this culture was only limited by the
supplied light. The N limited cultures were exposed to a constant and
limiting nitrogen supply. This turbidostat-nutristat approach allowed
for simultaneous growth and lipid production [29,42]. Diurnal cycles of
16 h of light and 8 h of dark were applied to the cultures. As a con-
sequence to the light-dark (LD) cycle, 24 h repeating diurnal oscilla-
tions in dilution rate and biomass concentration were observed. Over-
flow was collected on ice over 24 h hours. This overflow was used to
determine the average values for the relevant physiological parameters
(Table 1).
Under N replete conditions, i.e. when nitrate is not limiting, an
average growth rate (i.e. dilution rate) of 0.42 ± 0.02 day−1 and
biomass concentration of 1.60 ± 0.13 g L−1 was found, while ap-
proximately 57% of the absorbed photons were used to produce bio-
mass (Eq. 3, Table 1 and Fig. 2B). The dry matter of N replete cells
consists primarily of proteins (57% w/w), carbohydrates (13% w/w),
membrane lipids (7% w/w), triacylglycerol (3% w/w) and ash (10% w/
w) (Fig. 2A). Other studies found a similar biomass composition for N
replete cultures of P. tricornutum [8,53,54], highlighting the reliability
of our applied cultivation method.
When the culture was subjected to N limitation, the pigmentation
(i.e. absorption cross section) visibly decreased with a consequent
turbidostat-mediated increase in biomass concentration to 2.28
± 0.10 g L−1. Simultaneously, the specific growth rate decreased to
0.11 ± 0.02 day−1, leading to a 3-fold decrease in both biomass pro-
ductivity and yield on light for the N limited cultures as compared to
the N replete cultures. Under N limitation, only 20% of the absorbed
photons were used to form biomass (Eq. 3, Fig. 2B). However, the TAG
productivity and TAG yield on light increased more than two-fold upon
N limitation as reflected in the changed biomass composition. The re-
lative TAG (16% w/w) and total carbohydrate (25% w/w) content in-
creased at the expense of protein (38% w/w) and membrane lipids (5%
w/w) (Fig. 2A). With our turbidostat-nutristat approach, we were able
to induce TAG accumulation in continuous growing cultures under a
daily repeating of LD cycles. Both conditions showed steady state os-
cillating patterns synchronized to the LD cycles. The oscillations were
very reproducible, both between the six days of each single steady state
and between the four biological replicates of each condition (e.g., N
replete and limited). This allows an accurate determination of the
transcriptome, proteome and metabolome in each condition on dif-
ferent time points of the LD cycle.
3.2. Physiological response to diurnal light:dark cycles
The cultures were synchronized to diurnal LD cycles (16 h of light
and 8 h of dark), which resulted in differences in dilution rate (i.e.
growth) throughout a daily 24 h cycle (Fig. 3). Interestingly, a clear
peak in culture dilution rate, equivalent to specific growth rate due to
the observed constant biomass concentration, was found around mid-
day (i.e. 6–10 h after switching on the light) for both N replete and N
limited conditions. Similar patterns were reported for continuous tur-
bidostat cultures of Neochloris and Acutodesmus [30,55]. The biomass
composition remained constant over 24 h for both treatments, except
for the total carbohydrate fraction in N replete conditions, which in-
creased significantly and specifically during the last 6 h of the light
period: from 12% at t=10 to 18% at t=16 h of light (Fig. 3B). Similar
findings for carbohydrate profiles were found in continuous N replete
cultures of Neochloris oleoabundans [30] and P. tricornutum during LD
cycles [53]. Both TAG and carbohydrates were significantly higher in
the N limited cultures as compared to the N replete cultures, throughout
the LD cycle. This result indicates that the largest differences in biomass
composition were found between the treatments (N limitation versus N
repletion), whereas only small or no diurnal effects were observed on
biomass production.
3.3. Differential expression of transcripts, proteins and metabolites due to
nitrogen limitation
In this study we detected in total 12,179 transcripts, 3171 proteins
and 779 metabolites. As observed for the macromolecular biomass
composition (Table 1 and Fig. 3), the strongest effects in the tran-
scriptome, proteome and metabolome were related to the two nitrogen
treatments (Supplementary file F). Principal component analysis (PCA)
showed distinct separate clusters of the N limited samples and the N
replete samples on the first principle component (PC) explaining the
28.7%, 27.8% and 54.4% of the total variance in the transcriptome,
proteome and metabolome, respectively (Supplementary file F). Inter-
estingly, only the transcriptome data showed a clear LD effect (second
PC, explaining the 18.2% of the total variance): here all samples taken
in the light period (5, 10, or 16 h of illumination) are separated from
samples taken after the 8 h of darkness (0 h of illumination). Therefore,
we focussed our further data analyses on the overall differences caused
by nitrogen supply as well as the differences between dark and light
(i.e. 0 versus 10 h of illumination).
Statistical analysis showed that 22% (2699) of the transcripts, 17%
(543) of the proteins and 44% (345) of the metabolites in our dataset
were differentially expressed under N limitation compared to the N
replete conditions (n samples= 4 for both treatments, FDR corrected).
These differentially expressed genes, proteins and metabolites were
subsequently compared for their expression profiles in light and dark.
Interestingly, the Venn diagrams (Fig. 4) indicate that most of the al-
tered transcripts (88%) and proteins (73%) showed a diurnal regula-
tion. The remaining 22% of the altered transcripts and 37% of the al-
tered proteins were differentially regulated at both time points of the
day, showing a response that is independent from diurnal regulation
Table 1
Physiological parameters of continuous cultures of P. tricornutum under ni-
trogen replete and nitrogen limited growth conditions and exposed to 16:8 h LD
cycles. Abbreviation: TAG, triacylglycerol. The values represent the mean and
standard deviation of 24 h-collected culture overflow of four biological re-
plicate experiments (N=4) for each tested condition.
Parameter N replete N limitation
Dilution rate (day−1) 0.42 ± 0.02 0.11 ± 0.02
Biomass concentration (g L−1) 1.60 ± 0.13 2.28 ± 0.10
Biomass productivity (g L−1 day−1) 0.68 ± 0.07 0.25 ± 0.04
Biomass yield on light (g molph−1) 0.95 ± 0.09 0.35 ± 0.05
Absorption cross section (kgm−2) 0.16 ± 0.02 0.09 ± 0.01
Photosynthetic conversion efficiency (% of absorbed
photons used for biomass production)
58 ± 3 20 ± 1
TAG content (% of dry weight) 3 ± 1 16 ± 1
TAG productivity (g L−1 day−1) 0.02 ± 0.00 0.04 ± 0.01
TAG yield on light (g molph−1) 0.03 ± 0.01 0.06 ± 0.01
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and therefore consequent to N limitation treatment (Fig. 4). Interest-
ingly, the metabolome showed an opposite pattern: 70% of altered
metabolites were differently present at both time points and only the
remaining 30% showed a diurnal regulation.
3.4. Cellular pathway alterations
A total of 1147 out of the 12,179 identified transcripts (9.4%) and
731 out of the 3171 identified proteins (23%) could be mapped onto
KEGG pathways. Due to the limited annotation of P. tricornutum
genome, only 340 out of the 2699 (13%) differential nitrogen-re-
sponsive transcripts and 158 out of the 543 (29%) differential nitrogen-
responsive proteins could be mapped onto KEGG pathways (Fig. 5,
Supplementary file G). Fig. 5 shows the effect of N depletion on the
main cellular pathways. Most distinct differences occurred in pathways
linked to photosynthesis, lipid, nitrogen and carbon metabolism, and
amino acid degradation. Simultaneously, N limitation set constraints on
the DNA replication and translation, which can be also a consequence
of growth reduction.
Since the metabolomics data were primarily produced in an un-
targeted manner, annotation was performed manually only for a se-
lected set of the most significantly affected compounds. KEGG identi-
fiers could be retrieved and mapped onto KEGG pathways for only a few
differentially accumulated compounds, therefore metabolomics data
were not included in the pathway analysis of Fig. 5 (data in Supple-
mentary file G).
Fig. 2. Mass and photon distribution for nitrogen re-
plete and nitrogen limited continuous cultures of P.
tricornutum. A: Macromolecular biomass composition in
% of dry weight (w/w) for nitrogen replete (left; con-
trol) and nitrogen limited (right) cultures. B: Photon
conversion efficiency into biomass. The values were
calculated using Eq. 3. Each number represents the
mean of biological replicates (N=4). Functional bio-
mass consists of membrane lipids (ML), carbohydrates,
proteins, triacylglycerol (TAG), ash and others. The in-
crease in carbohydrate productivity upon nitrogen lim-
itation is considered as additional storage carbohydrate
accumulation.
Fig. 3. (A) Dilution rate and (B) biomass composi-
tion (TAG and total carbohydrate [CHO]) of ni-
trogen replete (closed symbols) and nitrogen lim-
ited (open symbols) cultures of P. tricornutum. The
values represent the mean of four biological re-
plicates (N=4) after 6 consecutive days of ‘stable’
steady state conditions. Triacylglycerol (TAG) is
shown in squares and total carbohydrates (CHO) in
diamonds. The shaded areas indicate the dark
period.
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Fig. 5 and Supplementary file H show a minor discrepancy in the
regulation of transcript and proteome expression. Discrepancies be-
tween transcript and protein levels have been reported in other studies
[20,56] and may be the result of a time delay between changes in gene
expression and changes in protein content [57]. This time delay may be
a result of post-translational regulations and/or protein turnovers.
3.5. Manual analysis of transcriptome and proteome
Limited by the poor annotation of P. tricornutum genome, we per-
formed an additional analysis by looking at the transcripts and proteins
that showed the biggest differences in expression profile during N-
limited conditions compared to N-repletion. To do so, we selected only
the transcripts with a log2fold change larger than 5 or smaller than−4
and the proteins with a log2fold change larger than 3 and smaller than
−3. We then manually looked at their predicted domains and we made
our suggestion on possible functions (Supplementary file I). In this
analysis, we divided in group A the transcripts and proteins showing the
highest expression levels during N-limitation compared to N-repletion,
and group B the ones showing the lowest expression levels. Among the
members of group A we found some of the genes related to nitrogen
metabolism (Section 4.2); moreover, structural building components
such as frustulin 3 (Phatr3_J51797), a glycoprotein with putative role in
cell wall regeneration (Phatr3_J50390) and a coccolith scale associated
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Fig. 4. Effect of nitrogen limitation on the
number of differential expressed genes,
proteins and metabolites. Differential ex-
pression was calculated by comparing the
average expression values for nitrogen
limited growth to nitrogen replete growth
in the dark period (0, after 8 h darkness)
or the light period (10, after 10 h of illu-
mination), with p value< 0.05. The
sample set was further separated for both
light and dark periods to illustrate the
light-independent nitrogen-regulated dif-
ferential expression (grey zone) and light-
dependent nitrogen-regulated differential
expression in either the dark or light
period of the day. Upward arrows in-
dicate upregulation of genes, proteins
or metabolites under nitrogen limitation, whereas downwards arrows indicate downregulation under N limitation, as compared to nitrogen replete
conditions.
Fig. 5. KEGG pathway analysis for the transcript (A) and proteome (B) dataset. Colour bars indicate the percentage of genes or proteins within each pathway that are
significant differentially expressed under nitrogen limited growth conditions in both light and dark period. Differential up-regulation is shown in green, no dif-
ferential expression is shown in grey and differential down-regulation is shown in red. KEGG pathways are listed in random order with the total number of annotated
genes or proteins in the KEGG database in brackets. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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protein (Phatr3_J55010); the latter has been already found upregulated
during nitrogen starvation in other studies and it has been suggested to
be associated to lipid bodies [18,31,58,59]. We also found in group A
several predicted transport channels: a protein containing sodium/di-
carboxylate transporter domain (Phatr3_J50149), a CLC voltage-gated
chloride channel domain containing protein (Phatr3_EG01952) and a
predicted porine-like protein (Phatr3_J40228); moreover, predicted
proteins that may be involved in signal transduction: 2 proteins con-
taining Ado-Met domain (Phatr3_J49734 and Phatr3_EG02032), gen-
erally involved in methylation processes [60]; one DNA-binding do-
main protein (Phatr3_J49567) and one putative leucine-rich receptor-
like kinase (Phatr3_J1379).
Interestingly, among the most downregulated transcripts and pro-
teins (group B) we found genes related to redox process, such as a
flavodoxin protein (Phatr3_J23658), and a putative proton-pumping
pyrophosphatases (V-PPase, Phatr3_J15815), which couples the energy
of pyrophosphate (PPi) hydrolysis to proton movement across mem-
branes; member of this family are associated with roles in vacuole
acidification [61]. Moreover in group B we found members of the iron
stress response protein (ISIP 2A, 2B, 1, 3), which are considered to be
involved in iron sensing and acquisition [28,62,63]; proteins likely
involved in the xantophyll cycle and in the carotenoid metabolism: two
isoforms of zeaxanthin epoxidase (ZEP1 and 2, Phatr3_J45845 and
Phatr3_J5928, respectively); a zeta-carotene desaturase (ZDS,
Phatr3_J9040) and a violaxanthin deepoxidase like protein (VDL,
Phatr3_J36048). Finally, in group B we also found two proteins in-
volved in glucose metabolism (Section 4.3): a triose phosphate iso-
merase enzyme (Phatr3_J50738) involved in gluconeogenesis and the
fructose-bisphosphate aldolase isoform FABC5 (Phatr3_J41423).
4. Discussion
Our analysis is the result of an integrated look at the alterations in
physiology, transcriptome, proteome and metabolome, which gives a
comprehensive picture of the response of P. tricornutum to N limitation
during steady state growth. Physiologically, TAG and carbohydrates
were more accumulated in the N limited cultures as compared to the N
replete cultures, at the expense of growth, DNA replication and protein
content (Table 1 and Fig. 5). Nitrogen is an essential constituent ele-
ment of several molecules, such as amino acids/proteins, nucleic acids
and chlorophylls and its scarcity severely affected their associated
pathways.
The reduction in cell growth during N limitation (3 fold compared
to N replete conditions, Table 1) could be a result of slower cell cycle
progression [64,65]. Metabolic rearrangements due to altered cell cycle
progression may also have an impact on the observed results [66];
however, in our experimental conditions it is hard to decouple the re-
duced cell growth consequences from N limitation effects.
Overall, pathways associated to photosynthesis, N assimilation and
central carbon metabolism were strongly influenced. From our results,
it appeared evident that N limitation is triggering nitrogen scavenging
mechanisms and, less intuitively, a change in structural building com-
ponents such as cell wall and membrane lipids. Moreover, among the
highest downregulated transcripts and proteins, we found several pro-
teins related to redox processes. This may suggest that N limitation
contribute to a redox imbalance inside the cell. In particular, Guerra
et al. have shown an increase of NADPH/NADP+ ratio, which may
contribute to an overall change in redox status of the cells under N
limitation [67]. Moreover, increase of cyclic electron transport (CET)
and alternative electron transport (AET) with possible consequent in-
crease of the reduction of plastoquinone (PQ) pool have been recently
reported in a photosynthetic study performed under N limitation and
dynamic light conditions [68]; it is therefore plausible to suggest that N
limitation may contribute to alterations in the proton/electron ratio,
availability and distribution inside the cell. However, further in-
vestigations in this respect are necessary to better understand the redox
status of the cells and homeostasis mechanisms during N-limitation and
their implications in the cell metabolism and carbon allocation.
In our metabolome analysis we found particular high accumulation
of several sugars, intermediate metabolites of the tricarboxylic acid
(TCA) cycle, and changes in lipid composition (Supplemental digital
material: Appendix C). Intriguingly, we also found accumulation of
both acrylic acid and dimethylsulfoniopropionate (DMSP); these me-
tabolites are usually correlated with sulfur metabolism [69–71] and
DMSP has also been proposed to act as osmolyte, in substitution of
proline, during N limitation [70,72]; proline indeed was found among
the lowest accumulated metabolites, as well as most of the free amino
acids (Supplemental digital material: Appendix C). Further investiga-
tions in this regard are needed to establish how fluid balances are
regulated differently during N scarcity.
4.1. Impact on photosynthesis
Under nitrogen-limited turbidostat-controlled conditions, P. tri-
cornutum cells are exposed to an energy imbalance between supply of
light and the demand by cellular metabolism and growth.
Downregulation of genes associated to photosynthesis, reduction in
chlorophyll a and fucoxanthin content, and drop in PSII quantum yield
have been extensively documented for P. tricornutum and other micro-
algae [20,73–75]. Overall, the down-regulation of biosynthesis of
photosynthetic proteins likely preserves amino acid availability, espe-
cially in the case of glutamate, which is extensively used for the
chlorophyll biosynthesis. In line with these findings, our transcriptome
and proteome analysis showed that the majority of the genes and
proteins associated to photosynthesis and chlorophyll biosynthesis are
significantly downregulated under N limitation for both the dark and
light period (Fig. 6).
Among them, we found significant differential expression for 19 of
the 40 light harvest complex (LHC) proteins (Fig. 6). LHC proteins
constitute a large family of proteins with diverse functions in both light-
harvesting and photoprotection. In diatoms, LHC proteins have been
divided in three main groups: the LHCFs, encoding the major fucox-
anthin Chl a/c binding proteins, the red algal-like LHCRs, and the
stress-responsive LI818/LHCSR-like LHCXs [76]. Moreover, a more re-
cent evolutionary analysis showed that LHCR protein can be subdivided
into two additional groups: LHCRI and LHCRII [77]. Interestingly,
among all the differentially regulated LHC proteins, only LHCR 6, 8, 10
(members of LHCRII group) and LHCX4 showed upregulation; in par-
ticular, the LHCR 6 and 10 showed increased protein abundance and
LHCR 8, 10, and LHCX4 showed upregulation of their transcripts at 0 h
of illumination (after 8 h of darkness) during N limitation. We also saw
upregulation of LHCR 12 (LHCRI group) transcript after 10 h of illu-
mination. Nymark et al. reported a strong induction of these same
LHCRII representatives (LHCR 6, 8, 10) within 30min of exposure to
light, after 48 h of dark incubation. Although the functional roles of the
proteins encoded by the LHCX and LHCR-II genes are not completely
elucidated yet, it has been suggested an involvement of these genes in
photoprotection [77–79]. It has also been shown that an energy im-
balance due to overexposure to light, also under N limited conditions,
can result in photo-damage [80–82], therefore upregulation of LHCR 6,
8 and 10 and LHCX4 would be in line with the hypothesis of a photo-
protection role for these proteins.
4.2. Nitrogen uptake and assimilation
In response to N limitation, most nitrogen metabolism-related tran-
scripts and proteins were upregulated, suggesting a strong engagement of
the cells in acquisition, remobilization and redistribution of intracellular
nitrogen. Genes and proteins involved in assimilation and carrier of nitrate
and ammonium were mainly upregulated, as the cells are likely trying to
capture and recycle any trace of nitrogen (Fig. 7); we also showed that a
considerable amount of the most expressed genes (16% of the analysed
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genes in Supplementary file I) may play a role in nitrogen assimilation/
scavenger mechanism. Unlike other green microalgae and plants, diatoms
present an ornithine-urea cycle (OUC) that seems to facilitate rapid recovery
from prolonged N limitation [83]. It has been proposed that OUC may play
a crucial role in re-balancing the demand for carbon and nitrogen during
fluctuating nitrogen availability [84,85]. In our metabolome, we found a
significant reduction of ornithine levels and we also saw an increase in the
transcript and protein of Urease C enzyme (Phatr3_J29702), which hydro-
lyses urea to ammonia, suggesting a direction of OUC towards ammonia
assimilation. Ammonia can be assimilated into glutamate via glutamine
Fig. 6. Differential expression of photosynth-
esis-related genes and proteins for nitrogen
limited cultures of P. tricornutum compared to
nitrogen replete growth. The values refer to the
fold change in nitrogen limited cultures in the
dark period (0, after 8 h darkness) or the light
period (10, after 10 h of illumination) compared
to nitrogen replete cultures that were sampled at
identical time points. Grey boxes represents
annotated transcripts or proteins that were not
significantly differentially expressed (p value>
0.05). An empty box indicates that the tran-
script or protein was not present in the dataset.
Letter abbreviations: T, transcript, P, protein.
Gene abbreviations: PsbP, photosystem II binding
protein P, CHL, magnesium protoporphyrin IX
methyltransferase (M) and chelatase (H), involved
in chlorophyll biosynthesis; LHC, light harvest
complex protein. Full descriptions of the anno-
tations, fold-changes and FDR-corrected p-va-
lues can be found in the Supplemental digital
material: Appendix A and B.
Fig. 7. Differential expression of nitrogen metabolism related genes (T) and proteins (P) and metabolites (M) for nitrogen limited cultures of P. tricornutum compared
to nitrogen replete growth. The values in boxes illustrate the fold change in nitrogen limited cultures in either the dark period (D, after 8 h darkness, left box) or the
light period (L, after 10 h of illumination, right box) compared to nitrogen replete cultures that were sampled at identical time points. Grey boxes represent annotated
transcripts, proteins or metabolites that were not significantly differentially expressed. An empty box indicates that the transcript, protein or metabolite was not
present in the dataset. Letter abbreviations: T, transcript, P, protein, M, metabolite. Enzyme abbreviations: NITR, nitrate reductase, NR nitrite reductase, GDH, glutamate
dehydrogenase, GS, glutamine synthase, GOGAT, NADPH-dependent glutamine:2-oxoglutarate amidotransferase. Full descriptions of the annotations, fold-changes and
FDR-corrected p-values can be found in the Supplemental digital material: Appendix A, B and C.
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synthase (GS) and NADPH-dependent glutamine:2‑oxoglutarate amino-
transferase (GOGAT) pathway, or via glutamate dehydrogenase (GDH),
which catalyses the reversible reaction L-glutamine +2‑oxoglutarate
+NADPH+H+ < ≥2 L-glutamate+NADP+. As shown in Fig. 6, these
enzymes involved in ammonia assimilation were upregulated.
2‑oxoglutarate is an important intermediate of the mitochondrial
tricarboxylic acid (TCA) cycle and we found increased level of this
metabolite during N limitation (Fig. 7). These results are in line with
previous metabolic flux analysis prediction that suggested a coupling
between nitrogen assimilation, OUC and carbon metabolism via TCA
cycle during N limitation [86]. It seems therefore plausible to confirm
that N limitation leads to a scavenger mechanism which gravitates to-
wards ammonia assimilation and that this hub is coupled to the inter-
mediate metabolism of carbon in the TCA cycle.
4.3. Carbon content and carbon metabolism
Diatoms allocate organic carbon into two primary storage metabo-
lites: the neutral lipid triacylglycerides (TAGs) and the storage poly-
saccharide chrysolaminarin [87,88]. Interestingly, a recent study
showed that P. tricornutum only accumulates 4.9–6.0% of cellular
carbon as chrysolaminarin during N starvation [87], suggesting that
most of the sugar components are allocated in different ways; it is
therefore possible that a portion of total sugars is directed to sustain the
normal metabolism and a part is directed to structural lipids, as shown
for other microalgae [89]. In our metabolomics analysis, we noticed an
increment of several sugar compounds during N deprivation, including
maltose and glucose (Supplemental digital material: Appendix C), while
rearrangement and increment in glycolipid profile has been shown
previously [86].
Glycolysis is a key primary pathway, as it provides substrate for
energy production in the cell. In the final steps of glycolysis, glycer-
aldehyde 3‑phosphate (G3P) is converted into pyruvate, which can be
further converted into acetyl-CoA, the precursor of fatty acids. Most of
the differentially expressed transcripts and proteins were upregulated
under N limitation, suggesting a response to the reduction in photon
conversion efficiency, and thus the direction of the carbon flux through
the central carbon pathways, under N limitation (Fig. 8). By upregu-
lation of the pathways related to the primary carbon metabolism, the
cells may attempt to compensate the shortage of carbon for downstream
metabolism.
The presence of multiple isoforms, which also showed opposite
regulation, made difficult to analyse the regulation of the enzymes di-
rectly involved in the classic Embden–Meyerhof–Parnas glycolytic
pathway (EMPP). To better elucidate the regulation of glycolysis/glu-
coneogenesis, we performed a manual data analysis to determine the
predicted transit peptides for the several enzyme isoforms that were
differentially expressed (p value< 0.05) (Fig. 8). We found that among
the annotated isoforms of phosphofructokinase (PKF), which converts
fructose 6‑phosphate to fructose‑1,6‑bisphosphate (catabolic pathway),
one isoform (Phatr3_EG00092) with a predicted chloroplast transit
peptide was downregulated during the dark phase, while the predicted
cytosolic isoform (Phatr3_J14284) was upregulated. This result suggests
that during the dark phase the glycolytic catabolic pathway mainly
takes place in the cytosol. However, it is known that diatoms have a
quite distinct carbon metabolism compared to other microalgae and
higher plants [17,84,90,91]. In this respect, Fabris et al. proposed the
presence of two additional and alternative carbohydrate metabolisms,
the Entner–Doudoroff pathway (EDP) and the phosphoketolase
pathway (PKP) [92]. In our analysis, the predicted genes involved in
EDP were not differentially expressed, although we found upregulation
of the transcripts and proteins of the oxidative pentose phosphate
pathway (OPPP) and of the PK transcript (Phatr3_J36257), which is
predicted to catalyse the conversion of xylulose‑5‑phosphate to acet-
yl‑phosphate and glyceraldehyde‑3‑phosphate (Fig. 8). More in-depth
studies on carbon allocations should be performed in order to better
elucidate the involvement of any of these pathways and their con-
tribution to lipid accumulation.
Intriguingly, we found that most of the enzyme isoforms of the
lower part of the classic EMP glycolytic pathway that were differently
regulated presents predicted mitochondrial transit peptides [45,93–96],
suggesting that this organelle is highly engaged in the carbon allocation
during N limitation (Fig. 8).
Overall, these results indicate a different involvement in carbon
metabolism of the several isoforms and an orchestration among the
several compartments during glycolysis and gluconeogenesis. Further
studies will be required to solve this intricate thus fascinating metabolic
network and regulation. Therefore our results highlight the complex
fluctuations of glycolytic enzymes in the plastid and cytosol and suggest
that proteins that catalyse the same reaction can have different func-
tions and kinetics and distributes in several compartments.
4.4. Mitochondrion and TCA cycle may play an important role in carbon
reallocation during nitrogen limitation
It is likely that cell metabolism is directed to recycle components
and to use the energy and reducing power through the TCA cycle.
Indeed, most of the annotated transcripts and resulting proteins asso-
ciated to the TCA cycle were upregulated upon N limitation (Figure), as
also previously reported [73–75].
In Fig. 5 we showed upregulation of amino acid degradation tran-
scripts and proteins. In line with this finding, the levels of several free
amino acids were significantly decreased under N limitation (Supple-
mental digital material: Appendix C and E). Protein synthesis, down-
regulation of ribosome assembly and translation are often the first and
most drastic responses of cells when they experience stresses, such as
nutrient limitation [20,27,28]. The differences in nitrogen metabolism
and photosynthesis can be correlated to the reduced growth rate under
N limitation (Table 1). Based on these observations, cell metabolism is
directed to recycle components and to use the energy and reducing
power through central carbon metabolism and TCA cycle, as also sug-
gested in previous studies [66,85,86,97]. Among the TCA intermediate
metabolites detected, citrate and 2-oxoglutarate showed clear and sig-
nificant increased levels (Fig. 7 and Supplemental digital material:
Appendix C). Citrate also serves as substrate for ATP-citrate lyase en-
zyme (ACL), which is considered an important player in fatty acid
biosynthesis, linking the metabolism of carbohydrates (which yields
citrate as an intermediate) and the production of fatty acid, by con-
verting citrate to acetyl CoA. Interestingly, we found reduction in the
transcript and protein levels for ACL, suggesting that TCA cycle is
mainly engaged in recycling components to generate energy and re-
ducing power (NADH, FADH2 and GTP). Moreover, isoforms of the
lower glycolytic pathway containing predicted mitochondrial transit
peptide (Fig. 8) and the predicted mitochondrial pyruvate kinase (PK)
were upregulated, suggesting that the resulting pyruvate is directed
towards TCA cycle. Moreover, we found upregulation of predicted
mitochondrial carboxylases isoforms PEPC2 and PYC1 and PYC2, en-
zymes designated to be involved in C4 assimilation mechanism (Fig. 9).
Both enzymes produce oxaloacetate that can possibly enter directly in
the TCA cycle, or that can be transported to other compartments [90].
These results suggest a pivotal role for the mitochondrion in carbon
and nitrogen reallocation when the chloroplast (and photosynthesis)
are affected by N limitation.
4.5. Effects on TAG accumulation and lipid pathway by nitrogen limitation
During N limitation, P. tricornutum cells accumulate lipids, mainly in
the form of TAGs (Fig. 2, Supplemental digital material: Appendix C).
Similarly to green microalgae, it has been proposed that TAG bio-
synthesis in P. tricornutum can occur in both chloroplast and cytosol
[84,88]. In particular, the enzyme diacylglycerol O-acyltransferase
(DGAT) may play a major role, being the enzyme catalysing the last
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step of TAG biosynthesis (Fig. 10); therefore, it is regarded as a pro-
mising target for improving TAG content in microalgae [98–100]. In
many eukaryotes, there are two types of DGAT isoforms, DGAT1 and
DGAT2. While most eukaryotic organisms contain a single copy of each
DGAT isoform, photosynthetic microalgae have multiple copies of
DGAT2. P. tricornutum contains 1 predicted isoform of DGAT1 and 4
predicted isoforms of DGAT2, named DGAT2 A, B, C, and D. Although
the exact role is not elucidated yet, the overexpression of some of these
isoforms in either P. tricornutum (Pti) or yeasts suggests a different
preference for the incorporation of fatty acids into TAGs. For example,
DGAT2A and DGAT2D were both overexpressed in P. tricornutum,
leading to a 35% and 2 fold increase in TAG accumulation, respectively
[15,100]. In particular, DGAT2A overexpression showed a specific
increment in the portion of monosaturated fatty acids (C15:0, C17:0,
C22:0) and the polyunsaturated eicosapentaenoic acid, EPA (C20:5)
[15]. On the other hand, DGAT2D overexpression showed a consistent
increment on fatty acid composition of C16:0, C16:1 and EPA [100].
Pti DGAT2B and DGAT1 have been characterized in yeasts, where
DGAT2B showed a preference for the incorporation of the unsaturated
fatty acids C16:1, C18:1 and C18:2 into the yeast TAG fraction, while
DGAT1 incorporated the saturated fatty acids C16:0 and C18:0 [98,99].
In our analysis, we detected an increase of both C16:1 and C18:2 fatty
acids in the TAG fraction, suggesting a possible involvement of DGAT2B
during N limitation; this isoform contains a predicted chloroplast transit
peptide. However, none of DGAT2 isoforms were significantly upre-
gulated, while only the predicted DGAT1 showed upregulation at the
Fig. 8. Differential expression of central carbon metabolism related genes (T) and proteins (P) for nitrogen limited cultures of P. tricornutum compared to nitrogen
replete growth. The values refer to the fold change in nitrogen limited cultures in the dark period (D, after 8 h darkness, left box) or the light period (L, after 10 h of
illumination, right box) compared to nitrogen replete cultures that were sampled at identical time points. Grey boxes represent annotated transcripts or proteins that
were not significantly differentially expressed (p > 0.05). Empty boxes indicate that the transcript or protein was not present in the dataset. Letter abbreviations: T,
transcript, P, protein, M, metabolite. Enzyme abbreviations: PGM, phosphoglucomutase, GPI, glucose phosphate isomerase, FBC, fructose‑1,6‑bisphosphatase, PFK,
phosphofructokinase, FBAC, fructose‑bisphosphate aldolase, TIM, triose‑phosphate isomerase, GPDH, glycerol‑3‑phosphate dehydrogenase, GAPC, glyceraldehyde 3‑phosphate
dehydrogenase, PGK, phosphoglycerate kinase, PGAM, phosphoglycerate mutase, EN, enolase, PK, phosphoenolpyruvate kinase, G6PDH, glucose‑6‑phosphate dehydrogenase,
6PGDH, 6‑phosphogluconate dehydrogenase, RPE, phosphopentose epimerase, PK, phosphoketolase. Other abbreviations: PEP, phosphoenolpyruvate, OPPP, oxidative pentose
phosphate pathway, EDP, Entner–Doudoroff pathway, EMPP, Embden–Meyerhof–Parnas pathway, CTP, chloroplast transit peptide, MTP, mitochondrial transit peptide, STP
signal transit peptide. Full descriptions of the annotations, fold-changes and FDR-corrected p-values can be found in the Supplemental digital material: Appendix A
and B.
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transcript level during the dark phase in N limited cells (Fig. 10).
Further biochemical analysis will be necessary to elucidate the specific
role and involvement for each of these isoforms in TAG accumulation.
Differently from other studies [20,101,102], we did not observe a
significant difference in either transcript or protein expression of Acyl-
CoA synthase (ACC1; Phatr3_J55209), the enzyme that catalyses the
reaction from Acetyl-CoA and Malonyl-CoA to form long‑chain
acyl‑CoA molecules. Moreover, under N limitation most of the genes
involved in lipid synthesis were either downregulated or not sig-
nificantly differently regulated (Fig. 10). Overall, our results suggest
that DGAT activity is not a clear limiting factor during steady-state
growth under N-limitation conditions, which induce TAG accumula-
tion.
4.6. Membrane lipid composition suggests rearrangement towards TAG
accumulation
It has also been suggested that TAG accumulation during N-star-
vation coincides with a reduction of membrane lipids [4,74,103].
Likewise, we observed a clear reduction of apolar metabolites related to
membrane lipid metabolism, e.g., a 5-fold decrease of two phosphati-
dylinositol forms (38:6; total acyl carbons:total double bonds), and a 2-
fold decrease of a phosphatidic acid-type of glycerophospholipid (40:4)
(Supplementary digital material: Appendix C). In line with these
changes in membrane lipids, membrane lipid-related pathways (gly-
cerolipid and glycerophospholipid metabolism) were mostly down-
regulated at both gene and protein expression levels (Fig. 5). Moreover,
we observed a reduction of the membrane lipid content in the biomass
composition of nitrogen-limited cells (Fig. 2). Similar findings have
been reported, which suggested that membrane phospholipids are de-
graded during N-depletion to provide the TAG precursors phosphatidic
acid and diacylglycerol [20,55]. This degradation may involve phos-
pholipase C (PLC) enzyme, which selectively catalyses the hydrolysis of
phospholipids by removing the phosphate head from glycerol and re-
leasing 1,2-diacylglycerol, which can subsequently be converted into
TAG by DGAT (Fig. 10). The annotated PLC enzyme (Phatr3_J42683)
was not differentially regulated, while upon manually checking for
genes with an annotated function in lipid processes, it appeared that 2
isoforms containing a PLC-like domain were upregulated during N-
limitation (Fig. 11). Moreover, phospholipase D (PLD, Phatr3_J46400),
which catalyses the production of diacylglycerol-phosphate from
phosphatidylcholine and has also been proposed to be involved in the
pathways for TAG production [73], was upregulated as well (Fig. 10).
Our analysis of genes with annotated functions in lipid processes
also revealed at least 5 enzymes containing the alpha/beta hydrolase
domain of lipases, which, interestingly, were all upregulated (Fig. 11).
Fig. 9. Differential expression of the predicted mitochondrial TCA cycle related genes (T), proteins (P) and metabolites (M) for nitrogen limited cultures of P.
tricornutum compared to nitrogen replete growth. The values refer to the fold change in nitrogen limited cultures in the dark period (D, after 8 h darkness, left box) or
the light period (L, after 10 h of illumination, right box) compared to nitrogen replete cultures that were sampled at identical time points. Grey boxes represent
annotated transcripts, proteins or metabolites that were not significantly differentially expressed (p > 0.05). Empty boxes indicate that the transcript, protein or
metabolite was not present in the dataset. Letter abbreviations: T, transcript, P, protein, M, metabolite. Enzyme abbreviations: PEPC phosphoenolpyruvate carboxylase,
PK, phosphoenolpyruvate kinase, PYC, pyruvate carboxylase, ACL, ATP citrate lyase, CS, citrate synthase, AC, aconitase, IDH, isocitrate dehydrogenase, OGD, osoglutarate
dehydrogenase, SCS, succinate synthase, SDH, succinate dehydrogenase FUM, fumarase, MDH malate dehydrogenase. Other abbreviations: EMPP,
Embden–Meyerhof–Parnas pathway, NADH, nicotinamide adenine dinucleotide, reduced, GTP, Guanosine‑5′‑triphosphate. Full descriptions of the annotations, fold-
changes and FDR-corrected p-values can be found in the Supplemental digital material: Appendix A and B.
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Moreover a predicted protein (Phatr3_EG01099), containing the same
lipase domain was found among the highest expressed transcripts and
proteins (Supplementary file I). These findings suggest an important
role of these putative lipases in lipid rearrangement towards TAG dis-
tribution and accumulation.
A significant difference in the saturation level of membrane lipids
was also observed (GC-FID analysis, Supplementary file E) and tran-
scripts for the desaturase enzymes Δ9 (Phatr3_J28797) and Δ6
(Phatr3_J29488) were upregulated (Fig. 11). Moreover, the profiling of
apolar compounds of our metabolome (Supplemental digital material:
Appendix C) indicated an increase of a large variety of TAG species
differing in either the number of carbons and unsaturated bonds
(identified by their differences in elemental formulae) or the position of
carbon chains and C]C bonds (identified by their different retention
times). These findings are in line with a previous study of the meta-
bolome of P. tricornutum conducted by Popko et al., which suggested
that betaine lipids serve as precursors for TAG formation [70]. Betaine
lipids, such as diacylglyceryl‑hydroxymethyl‑N,N,N‑trimethyl‑beta‑
alanine (DGTA) and diacylglyceryl‑hydroxymethyl‑N,N,N‑trimethyl‑
homoserine (DGTS) are found in the membranes of several microalgae
and plants and they are structural similar to membrane phospholipids
[70,88].
Overall, these results suggest that cells are engaged in a substantial
fatty acid rearrangement, which may also be a key factor to the ob-
served TAG accumulation (Fig. 11).
Finally, in our metabolome we found high abundance of
hydroxylated eicosapentaenoic acid (EPA), as free fatty acid; we hy-
pothesize that the hydroxylation could be a result of lipase activities
(Supplemental digital material: Appendix C). However, further work on
elucidating PL and lipase enzymes and their function are necessary to
better understand the membrane lipid rearrangement and TAG pro-
duction, possibly open novel biotechnological routes for TAG im-
provement.
5. Conclusion
Despite the extensive research on lipid production in microalgae, it
is still not known which molecular mechanism(s) drives TAG accumu-
lation during N deprivation. This study focussed, for the first time, on
the combined analysis of transcriptome, proteome and metabolome of
the diatom P. tricornutum, cultivated in high-controlled parameter
photobioreactors, under N limitation conditions and light/dark cycles.
Although N limitation was responsible for the major differences in
transcripts, proteins and metabolites, we also observed substantial
Fig. 10. Differential expression of genes (T) and proteins (P) involved in glycerolipid metabolism for nitrogen limited cultures of P. tricornutum. The values in boxes
illustrate the fold change in nitrogen limited cultures in either the dark period (D, after 8 h darkness, left box) or the light period (L, after 10 h of illumination, right
box) compared to nitrogen replete cultures that were sampled at identical time points. Grey boxes represent annotated transcripts or proteins that were not
significantly differentially expressed (p > 0.05). Empty boxes indicate that the transcript or protein was not present in the dataset. Letter abbreviations: T, transcript,
P, protein. Enzyme abbreviations: ACC, acyl-CoA synthase, FABD, malonyl-CoA:ACP transacylase, FABF, 3‑ketoacyl‑(acyl‑carrier‑protein) synthase II, FABC, acyl carrier
protein, FABZ, 3R‑hydroxyacyl‑[acyl carrier protein] dehydrase, FABI, enoyl-acp reductase, GPT, glycerol‑3‑phospate o‑acyltransferase, LPT, 1‑acyl‑sn‑glycerol‑3‑phospate
acyltransferase, DGAT, diacylglycerol o‑acyltransferase, MDAT, monogalactosyldiacylglycerol synthase, PLP, phospholipase D, PLC, phospholipase C. Other abbreviations:
ACP, acyl carrier protein, PA, phosphatidic acid, DAG, diacylglycerol, TAG, triacylgliceride, MGDG, monogalactosyldiacylglycerol, IP3, inositol‑3‑phosphate. Full descriptions
of the annotations, fold-changes and FDR-corrected p-values can be found in the Supplemental digital material: Appendix A and B.
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differential gene expression, over diurnal cycle (light/dark cycles),
while the proteome and metabolome were less affected.
Overall, this comprehensive -omics study shows that N limitation in
P. tricornutum affects growth rate, photosynthesis, ribosomal and pro-
tein synthesis; on the other hand, pathways involved in nitrogen as-
similation, amino acid degradation and central carbon metabolism
were mainly upregulated, pointing towards an increased mitochondrial
activity and TCA cycle.
We also reported a reduction of apolar metabolites related to
membrane lipid metabolism and downregulation of membrane lipid-
related pathways (glycerolipid and glycerophospholipid metabolism),
while upregulation of genes possibly involved in rearrangements of
membranes and cell wall was observed (Fig. 11 and Supplementary file
I). These findings suggest that membrane rearrangements may con-
tribute to TAG distribution.
From a biotechnological point of view, more investigations are re-
quired to elucidate which pathways, enzymes and isoform(s) would be
the best targets for increasing TAG productivity. In this regard, a more
in-depth investigation on DGAT and lipase enzymes, activity and se-
lectivity, may help to unveil TAG formation and accumulation.
On the other hand, overexpression of the entire acyl-CoA – fatty acid
pathway may also assist in increasing TAG productivity, as the whole
pathway is currently downregulated. In addition, TAG biosynthesis is
limited by the reduced carbon flux through central metabolism.
Because N limitation resulted in a 5–6 fold increase in TAG content, but
with a concomitant loss in growth rate and photosynthetic efficiency,
and possible redox imbalance, future strain improvement should
therefore not only focus on lipid metabolism, but also on improving and
understanding the regulation of carbon fluxes through the central
carbon metabolism, cell cycles and associated metabolism, mitochon-
drial activity and its involvement in sustaining the cellular metabolism,
and culturing conditions.
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